Cell motility is produced by changes in the dynamics and organization of actin ¢laments. The aim of the experiments described here was to test whether growing neurites contain two actin-binding proteins, gelsolin and pro¢lin, that regulate polymerization of actin and a¡ect non-neuronal cell motility. The distribution of gelsolin, pro¢lin and the micro¢laments was compared by immunocytochemistry of leech neurons growing in culture. We observed that micro¢laments are enriched in the peripheral motile areas of the neurites. Both gelsolin and pro¢lin are also concentrated in these regions. Gelsolin is abundant in ¢lopodia and is associated with single identi¢able micro¢lament bundles in lamellipodia. Pro¢lin is not prominent in ¢lopodia and shows a di¡use staining pattern in lamellipodia. The colocalization of gelsolin and pro¢lin in motile, micro¢lament-rich areas supports the hypothesis that they synergistically regulate the actin dynamics that underlie neurite growth.
I N T RODUCT ION
The extension of a neurite requires a forward motility of the membrane at the distal end of the neurite. Such forward motility at the periphery of cells is called membrane protrusion. Two types of protrusive structures, lamellipodia and ¢lopodia, have been observed in non-neuronal cells and the motile tips of neurons, the growth cones (Mitchison & Cramer 1996) . The machinery for membrane protrusion is the cytoskeleton, in particular the micro¢laments. Both the ¢lopodia and lamellipodia contain dense arrays of actin ¢laments. In the ¢lopodia they form parallel bundles, most of which are oriented with the barbed end (rapidly polymerizing end) towards the tip (Forscher & Smith 1988; Bridgman & Dailey 1989; Lewis & Bridgman 1992) . In lamellipodia, actin ¢la-ments form an orthogonal network oriented at about 458 to the direction of protrusion with the rapidly polymerizing ends of the ¢laments directed towards the periphery (Small 1988; Small et al. 1995; Mitchison & Cramer 1996) . Motile lamellipodia of neuronal growth cones also contain actin bundles that radiate from the centre of the growth cone, with their fast-growing ends directed towards the leading edge (Small et al. 1978; Lewis & Bridgman 1992) .
The peripheral localization and polarity of the micro¢laments suggest that actin polymerization may drive membrane protrusion, a hypothesis that has been supported by several di¡erent observations (Yamada et al. 1970 (Yamada et al. , 1971 Marsh & Letourneau 1984; Bentley & Toroian-Raymond 1986; Okabe & Hirokawa 1991; Forscher et al. 1992; O'Connor & Bentley 1993; Neely & Gesemann 1994) . If actin polymerization is to play a role in membrane protrusion, micro¢lament assembly must be controlled spatially and temporally. This regulation is likely to be mediated by micro¢lament-associated proteins (Cooper 1991; Hartwig & Kwiatkowski 1991; Condeelis 1993 ).
Gelsolin and pro¢lin are two actin-binding proteins that a¡ect the polymerization^depolymerization equilibrium of micro¢laments, and also interact with the membrane (Yin 1988; Theriot & Mitchison 1993) . Pro¢lin primarily acts to promote actin ¢lament growth in cells (Theriot & Mitchison 1993) , while gelsolin severs micro¢laments, creating actin nuclei for new polymerization (Yin 1988) . The complementary e¡ects of gelsolin and pro¢lin, and their ability to bind to the membrane, led to the hypothesis that they synergistically regulate micro¢lament assembly in the submembraneous space (Yin 1988; Forscher 1989; Stossel 1989) .
We show here that micro¢laments, gelsolin and pro¢lin are abundant in peripheral motile areas of leech neurites. These observations support the hypothesis that gelsolin and pro¢lin together regulate the actin assembly that underlies neurite extension.
. M AT ER I A L S A N D M ET HODS (a) Cell culture
The techniques for the identi¢cation, isolation, and culture of neurons from leech central nervous system (CNS) have been described in detail (Fuchs et al. 1981; Dietzel et al. 1986; Neely 1993; Neely & Gesemann 1994) . All experiments were performed with Retzius and AP cells. No di¡erences in motility or cytoskeletal organization were observed in these two types of neurons.
(b) Time-lapse video-microscopy Neurites of cells cultured in ConA-coated microwell dishes were observed with phase-contrast optics using an inverted microscope (Leitz-Labovert FS) and a 32 Â objective (Leitz, Phaco1 32/0.40). Images were acquired every 4 min by a MTI CCD72 video camera (DAGE-MTI, Inc., Michigan City, IN, USA).
(c) Immunocytochemistry
Cells were cultured on glass Lab-Tek culture dishes overnight. They were then incubated with cytochalasin D (7.5 mM) for 30 min. Control cells were incubated with an equivalent volume of DMSO (¢nal concentration 0.01%). Immediately after treatment they were ¢xed with 4% paraformaldehyde in PB bu¡er (0.12 M of phosphate, pH 7.4) for 30 min at room temperature and permeabilized with 1% Triton X-100 in PBS for 30 min at room temperature. The cells were incubated with primary antibodies for 3^4 h at room temperature or overnight at 4 8C. The following primary antibodies, diluted in PBS with 1% BSA, 1% FCS, 1% Triton X-100, were used: monoclonal anti--tubulin antibody (Boehringer, at 0.25 mg ml À1 ), polyclonal anti-rat gelsolin antibody (donated by C. Chaponnier, University of Geneva, Switzerland; dilution 1: 50), monoclonal antihuman gelsolin antibody (donated by C. Chaponnier (see Chaponnier et al. (1986) ), also available from Sigma; dilution 1: 100), polyclonal anti-sea urchin pro¢lin antibody (donated by L. C. Smith, California Institute of Technology, Pasadena, CA (Smith et al. 1992); dilution 1: 200). Secondary antibodies (FITC-coupled goat anti-rabbit IgG, Cappel #55662; FITCcoupled goat anti-mouse IgG, Cappel #55514, rhodaminecoupled goat anti-mouse IgG, Cappel #55539) were applied at a dilution of 1: 200 in PBS with 1% Triton X-100 for 1^2 h at room temperature. The cells were mounted in PBS containing 50% glycerol, 0.5% n-propyl-gallate and 2.5% NaI. In double-labelling experiments, the two primary-antibodies were applied simultaneously, followed by a mixture of the two secondary antibodies. Micro¢laments were stained with rhodamine-conjugated phalloidin (0.66 mM, Molecular Probes, Eugene, OR) in PBS with 1% Triton X-100 for 30 min at room temperature. In cells that were doublelabelled for micro¢laments and another cytoskeletal protein, rhodamine phalloidin and the secondary antibody were applied together. In control experiments, primary antibodies were omitted or the cells were incubated with a 100-fold excess of unlabelled phalloidin (Sigma). No staining was observed in the neurites of these cells. Neurons were observed with a Leitz DMRB microscope using 40Â and 100Â PL Fluotar objectives.
Because of the limited number of neurons that can be cultured in one experiment we did not attempt to analyse the reactivity of the antibodies by Western blotting extracts of cultured leech neurons. We were unable to detect immunoreactivity on Western blots of extracts of adult CNS or whole leech embryos with either the anti-gelsolin or the anti-pro¢lin antibodies. The reason for this is unclear. Although we were unable to analyse these antibodies on Western blots, the reactivity of the antibodies appears to be speci¢c for the following reasons: (i) all the antibodies we used have previously been characterized (personal communication and cited references above); (ii) the pattern of immunoreactivity of two di¡erent anti-gelsolin antibodies was the same; (iii) the labelling patterns of the pro¢lin-and gelsolin antibodies in leech neurons and cell types from other species (Buss et al. 1992; Finkel et al. 1994; Tanaka et al. 1993 ) are very similar.
R E SU LT S (a)
The peripheral motile regions of leech neurites are rich in micro¢laments Retzius and anterior pagoda (AP) neurons were cultured on concanavalin A (ConA), on which they extend broad, veil-like neurites that allow for detailed analysis of the cytoskeleton (Chiquet & Acklin 1986; Neely 1993; Neely & Gesemann 1994) . In phase contrast microscopy, phase-dark areas were often situated in the periphery of these lamellipodia and at the base of ¢lopodia (¢gure 1a and ¢gure 2a). By timelapse video microscopy these phase-dark areas could be observed as they moved distally during lamellipodial protrusion (not shown). We analysed the cytoskeletal composition of these phase-dark regions and observed an enrichment in micro¢laments (compare ¢gure 2a,b); by contrast, microtubules are evenly distributed throughout the lamellipodia (not shown).
(b) Gelsolin is enriched in motile areas and is bound to micro¢laments
We tested whether gelsolin is also enriched in motile areas of neurites. Immunocytochemical staining showed that this protein is associated with phase-dark areas of lamellipodia (compare ¢gure 1a,b). Double labelling experiments showed that micro¢laments and gelsolin are concentrated in peripheral parts of lamellipodia and in ¢lopodia (compare ¢gure 3a,b). In lamellipodia, gelsolin was associated with single identi¢able micro¢lament bundles (compare ¢gure 3a,b). Cytochalasin D induces loss of lamellipodia and ¢lo-podia in leech neurons and inhibits neurite outgrowth (Neely & Gesemann 1994 ). Here we show that the disruption of the micro¢laments with cytochalasin D resulted in a general loss of micro¢laments and randomly dispersed`foci' of actin aggregates (¢gure 3c). Gelsolin was associated with these actin`foci' (¢gure 3d), an observation that provides additional evidence that it is bound to micro¢laments.
(c) Distribution of pro¢lin in leech neurites
Pro¢lin is abundant in leech neurites growing on ConA, and like gelsolin is localized to phase-dark areas rich in micro¢laments (¢gures 1c, 2c). In contrast to gelsolin, pro¢lin was not associated with single identi¢able micro¢lament bundles (compare ¢gure 2b,c), except on a few occasions where we observed colocalization with radially oriented micro¢lament bundles projecting into ¢lopodia. The absence of an association between pro¢lin and micro¢lament bundles is further demonstrated by the lack of association of pro¢lin with cytochalasin-induced micro¢lament fragments (¢gure 4a,b).
. DI S C U S S ION
We show here that motile areas of leech neurites contain high concentrations of micro¢lament, gelsolin, and pro¢lin. Micro¢lament distribution has also been analysed in growing pioneer neurons in the grasshopper limb, and motile growth cones of Aplysia neurons. In these neurons, an accumulation of actin in ¢lopodia and extending growth cone branches was observed, while reduction of micro¢laments was characteristic for retracting areas (O'Connor & Bentley 1993; Forscher et al. 1992) . Actin assembly has also been correlated spatially and temporally with lies just beneath an area of membrane extending many branches and ¢lopodia (arrows). The other half of the veil is not associated with phase-dark areas and no membrane protrusions are obvious except for a few ¢lopodia. Double staining with a monoclonal antibody against gelsolin (b) and a polyclonal antibody against pro¢lin (c) shows that both proteins localize to the phase-dark area just beneath the area of membrane protrusion. The labelling seen at the middle upper edges of panels B and C is due to auto£uorescence of the cell body and stump of the neuron. Scale bar, 10 mm.
(a) (b) (c) Figure 2 . Phase-dark areas are rich in micro¢laments and pro¢lin. This Retzius neuron was double labelled with rhodamine phalloidin to visualize the micro¢laments (b) and with an antibody against pro¢lin (c). Most of the periphery of this single large lamellipodium appears phasedark (a, arrow heads) and displays many ¢lopodia-like extensions. The phase-dark areas are rich in micro¢laments (b) . Some micro¢lament bundles can be identi¢ed (b, arrow heads) . Pro¢lin is also concentrated in phase-dark areas rich in micro¢laments, but a direct association with micro¢lament bundles was not observed (c; note lack of staining of micro¢lament bundles labelled in b). Scale bar, 25 mm. membrane protrusion in neutrophils, Dictyostelium amoebae, platelets, and malignant tumour cells. In these cells actin polymerization usually precedes lamellipodial extension, and the newly assembled actin is localized in the motile lamellipodia (Omann et al. 1987; Hall et al. 1988; Jones et al. 1991; Coates et al. 1992; Hartwig 1992) .
Areas in leech neurites that are rich in micro¢la-ments also contain high concentrations of pro¢lin. This protein is not directly associated with micro¢la-ment bundles except for rare colocalization with radially oriented micro¢lament bundles extending into ¢lopodia. Pro¢lin has been observed in cultured cortical neurons where it shows a punctate staining pattern in the neurites and the core of the growth cones (Faivre-Sarrailh et al. 1993) . In ¢broblasts, pro¢lin is enriched in motile lamellipodia and pseudopodial lobes, and colocalizes with centripetally oriented micro¢lament bundles. As in leech neurites, no association was observed with circumferentially oriented micro¢lament bundles (Buss et al. 1992) . In Chinese hamster ovary cells, pro¢lin is present in high concentrations in areas of membrane ru¥ing (Finkel et al. 1993) . The presence of this protein in areas of cell motility in several di¡erent cell types suggests that it is involved in the regulation of actin dynamics. This hypothesis is supported by experiments aimed at analysing the role of pro¢lin in living cells. Pro¢lin has been shown to cause polymerization/stabilization or destabilization of micro¢laments in di¡erent cell culture systems (Haarer et al. 1990; Cao et al. 1992; Cooley et al. 1992; Balasubramanian et al. 1994; Finkel et al. 1994; Giuliano & Taylor 1994) . No studies addressing the role of pro¢lin in neurons have been performed, yet its localization to regions of high motility (this study) suggests that pro¢lin may also play a role in neuronal cell motility.
Gelsolin, like pro¢lin, was present in regions of leech neurites that showed high motility and were rich in micro¢laments. In contrast to pro¢lin, gelsolin was directly associated with the micro¢lament bundles and was abundant in the ¢lopodia. Colocalization of gelsolin and micro¢laments has been observed in growth cones of PC12 cells, but is less clear in dorsal root ganglion neurons (Tanaka et al. 1993) . Gelsolin is also present in neurites and growth cones of cultured sympathetic neurons (Petrucci et al. 1983 ). This 1704 M. D. Neely and E. Macaluso Gelsolin and pro¢lin in leech neurites Proc. R. Soc. Lond. B (1997) (a) (b) (c) (d) abundance of gelsolin in growing cultured neurons and its transient in vivo expression in Purkinje cells (Legrand et al. 1986 ) and retinal ganglion neurons (Legrand et al. 1991) in the developing rabbit suggest an involvement of gelsolin in cytoskeletal changes that control neurite extension. This hypothesis is supported by the role gelsolin plays in the motility of nonneuronal cells (Jockusch et al. 1985; Weeds et al. 1985; Cooper et al. 1987; Sanger et al. 1987; Huckriede et al. 1990; Cunningham et al. 1991) . To our knowledge this is the ¢rst comparison of the subcellular distribution of pro¢lin and gelsolin in the same cell, and the ¢rst detailed analysis of the distribution of these two proteins in neurites. Our observation that gelsolin and pro¢lin colocalize with the micro¢lament-rich motile areas of neurites supports the hypothesis that gelsolin and pro¢lin coordinately regulate micro¢lament dynamics underlying neurite extension. The organization of the micro¢laments in neurites is in£uenced by extracellular cues eliciting transmembrane signals (Lankford & Letourneau 1989; Fan et al. 1993; Lin & Forscher 1993; O'Connor & Bentley 1993; Neely & Gesemann 1994) . The sensitivity of gelsolin and pro¢lin to calcium and polyphosphoinositides, and their ability to bind to the plasma membrane (Yin 1988; Forscher 1989; Stossel 1989) , make these proteins likely candidates for messengers carrying extracellular signals to the cytoskeleton of the neurite. The abundance of gelsolin in the ¢lopodia of leech neurites is intriguing, since this organelle is likely to be involved in the reception, integration, and transmission of extracellular signals.
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